For large-capacity information processing, ultrafast switching devices are required, and one of the promising candidates is electrooptic (EO) devices, in which optical signals are switched by applying electric field. Especially, organic compounds generally with low dielectric constants are suitable for the EO materials. In addition, polymers are advantageous in processability to fabricate optical waveguides including EO devices. Thus, development of practical EO polymers has been continued since 1980s [1] [2] [3] . EO polymers are usually composed of matrix polymers and EO chromophores, which are dispersed in the polymers or covalently bonded to the polymers. EO chromophores should have large first hyperpolarizabilities (βs). Also they should have large dipole moments (μs) because the EO effect only appears in noncentrosymmetric structures and EO chromophores in polymer matrices must be aligned in polar orientation by applying DC electric field, i.e., poling. However, large μ causes dipole-dipole interaction to form antiparallel dimers and aggregates resulting in canceling out of dipole moments.
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Recently, chromophores with a donor group and 4-cyano-5-dicyanomethylene-2-oxo-3-pyrrolin-3-yl (CDCOP) group as an acceptor have attracted attention as EO dyes [4] [5] [6] [7] . Such CDCOP derivatives have been reported over 50 years ago 8, 9) .
The CDCOP group is a strong acceptor since three cyano and one oxo groups are conjugated in the group. Furthermore, the CDCOP group composed of a five-membered ring reduces steric hindrance to the linked aromatic ring, resulting in a planar structure responsible for the fully conjugated structure. Meanwhile, when the CDCOP dyes were dispersed in polymer matrices, their UV-vis absorption spectra were often different from those obtained in solution suggesting that the dyes were aggregated in the polymers. Such aggregation avoids efficient poling, and investigation on the aggregation states of the dyes is important. In this study, we grew single crystals of some CDCOP dyes with different substituents and their crystallographic analyses were conducted. Since molecular alignment in a crystal must be a typical example for aggregation states of the molecule, crystal structure analyses of the dyes may be helpful to consider the aggregation in the polymers. We also discussed the relationship between the crystal structures and the corresponding UV-visible diffuse reflectance spectra. 2.1 Synthesis of compounds CDCOP derivatives were synthesized according to the scheme in Fig. 1 . The detailed procedures are described below.
1a: The mixture of 2 10) (4.0 g, 17.2 mmol) and N,Ndibutylaniline 3 (4.4 g, 20.0 mmol) in DMF (40 mL) was stirred with cooling by an ice bath. To this, phosphoryl chloride (4.8 mL, 52 mmol) was added dropwise, and stirring was continued for 1 h after the addition completion. Then, the bath was removed and the mixture was further stirred for 4 h at ambient temperature. To the reaction mixture, water was added and the resulting precipitates were filtered off. 1d: To 2 (1.23 g, 5.0 mmol) in DMF (13 mL), 5 (1.08 g, 5.0 mmol) in DMF (2 mL) was added, and the mixture was stirred overnight at 60 ℃. Then, it was cooled to -5 ℃ using an ice-salt bath, and 3 (1.0 mL, 5.0 mmol) was added. To the mixture, phosphoryl chloride (14.0 mL, 15.0 mmol) was added dropwise, and stirring was continued for 1 h after the addition completion. The bath was removed and the mixture was further stirred for 4 h at ambient temperature. To the reaction mixture, water was added and the resulting precipitates were filtered off. The collected solid was purified by silica-gel column chromatography using chloroform-ethyl acetate (4:1) mixed solvent as eluent to give 1.09 g (47％) 
Apparatus
Melting points were measured using an SII EXSTAR DSC 6220 calorimeter. The samples were placed in an aluminum pan and sealed, and the measurements were performed with the heating rate of 10 ℃/min under a nitrogen atmosphere. IR spectra were recorded on a Horiba FT-720 spectrometer. The solid samples were mixed and ground with KBr crystals, and the pressed disks were used for the measurements. 1 H and 13 C NMR spectra were obtained using JEOL ECX-400 spectrometers. CDCl 3 was used as a solvent, and the internal standards used for 1 H and 13 C NMR were tetramethylsilane (δ 0 ppm) and CDCl 3 (δ 77 ppm), respectively. UV-vis diffuse reflectance spectra were measured using a JASCO V-570 spectrophotometer with an integration sphere (JASCO ILN-472). X-ray diffraction data for the crystallographic analyses at ambient temperature and 95 K were collected on a Rigaku RAXIS-RAPID Ⅱ diffractometer and a Rigaku SATURN 724 CCD diffractometer, respectively, using Mo Kα radiation (λ = 0.71075 Å). Crystal structures were solved by the direct method using the program SHELXT and were refined by full-matrix least-squares methods using Crystal Structure 3.8 for 1a and SHELXL-97 for the other compounds.
2.3 Crystal growth S i n g l e c r y s t a l g r o w t h o f t h e c o m p o u n d s f o r crystallographic analyses was performed by the slow evaporation method. Solvent used for the crystal growth of 1b was methanol. For other compounds, mixed solution of methanol and dichloromethane was used. Saturated solution of a compound was put in a sample tube covered with ProWipe ® (Daio Paper), and the tube was stored at ambient temperature over 3～5 days.
3．Results and discussion
We were able to grow single crystals of 1a, 1b, 1c and 1e for X-ray crystallographic analyses. Crystallographic data were summarized in Table 1 . Although the main π-conjugation systems are the same among four compounds, each molecular arrangement in the crystals was found to have its own characteristics.
Compound 1a only has a secondary amide group in the CDCOP ring while others have a tertiary amide group. Thus, two molecules of 1a form a dimer with point symmetry, in which two molecules are combined with a pair of intermolecular hydrogen bonding between amide groups (Fig. 2) . In the IR spectra, peaks of C=O stretching vibration in the CDCOP ring of 1a and 1b were observed at 1714 cm -1 and 1738 cm -1 , respectively. The lower wavenumber of 1a also indicates hydrogen bonding of the amide group. The stacking structure of 1a molecules are shown in Fig. 3 . In this molecular array along a-axis, the angle between the translation direction and the chromophore plane is about 36°. The CDCOP ring and the phenyl ring of adjacent molecules are overlapped, and the distance between the CDCOP and phenyl ring planes is 3.5 Å. The torsion angle between the CDCOP and phenyl ring planes in the molecule is 7.8°.
In the crystals of 1b, two conformers A and B were found as shown in Fig. 4 . In addition, there was disorder in butyl groups. Molecules of 1b stacked along a-axis to form columns (Figs. 5 (1) and (3) ). Direction of the long axis of the chromophores is almost the same in the same column, and the angle between a-axis and the chromophore plane is about 70°. As schematically shown in Fig. 5 (2) , direction of the long axis in a column is almost perpendicular to that in the adjacent columns. Overlap conditions between the CDCOP and phenyl rings of adjacent molecules are different depending on combinations of the stacked conformers. However, dipole moment directions of the adjacent molecules are always opposite. The distance between the CDCOP and phenyl ring planes is 3.8～3.9 Å. The torsion angles between the CDCOP and phenyl ring planes in the molecule are 9.3° and 17.0° for conformers A and B, respectively.
Compound 1c has a hexyl group in the CDCOP ring instead of a butyl group of 1b. Two conformers with different geometry in butyl groups were found for 1c as well (Fig. 6) . Although the structural difference between 1c and 1b is only (CH 2 ) 2 , molecular stacking structures are quite different. Fig. 7 (1) shows molecular array along crystallographic a-axis. Figs. 7 (2) and (3) show relative positions of adjacent 1c molecules, which are picked up from the molecular array. Viewing direction of Fig. 7 (1) and that of Fig. 7 (2) or (3) are perpendicular. In Fig. 7 (2) , π-conjugated planes of two molecules are faced with inversion of symmetry although overlap of the CDCOP and phenyl ring planes is small. On the other hand, in Fig. 7 (3) , central hexyl groups exist next to the π-conjugated planes of the chromophores in Fig. 7 (2) . Namely, two molecules overlapping π-conjugated planes of the chromophore portions and hexyl groups are alternately arranged along the molecular array along a-axis. In other words, two overlapped chromophores are isolated by hexyl groups. The distance between the π-conjugated planes is 3.5 Å. The torsion angle between the CDCOP and phenyl ring planes in the molecule is 7.7°.
The molecular structure of 1e in crystals was found to be unique because of a flexible ethyleneoxide chain introduced to the CDCOP ring. The flexible chain was folded to overlap with the chromophore plane as shown in Fig. 8. Fig. 9 shows molecular array of 1e along b-axis in the crystals. The chromophore portion and acryloyl group are alternately Fig. 4 Two conformers A and B of 1b in the crystals. Disorder was found in butyl groups, and major and minor structures of each butyl group are displayed in (1) and (2), respectively. The occupancy factors are shown in percentage.
Original Research Paper aligned along b-axis. The nearest distance between the chromophore and acryloyl group within the molecule is 3.4 Å. The torsion angle between the CDCOP and phenyl ring planes in the molecule is 0.9°. As explained above, unique molecular arrangement was found among the four CDCOP derivatives. It is schematically illustrated in Fig. 10 . Although molecules of 1a and 1b form stacking arrays by themselves, stacking manners are different. For 1a, dipole moments of the chromophores align 
(2) (3) in one direction in an array, and the small angle between the chromophore plane and translation a-axis results in inclined stack of the molecules. This type of molecular arrangement is often classified into J-type aggregates. Meanwhile, for 1b, dipole moments of the adjacent chromophores are cancelled each other, and the angle between the chromophore plane and a-axis of the stacking direction is large. This arrangement is categorized into H-type aggregates. Molecules of 1c form antiparallel dimer structures and a dimer is isolated from the nearest dimers by hexyl groups. For 1e, dipole moments of the chromophores also align in one direction in an array. However, the folded substituents separate the chromophore portion one by one. These different environment of the chromophore portions in crystals can influence their visible spectra. UV-visible diffuse reflectance spectra of the four crystals are shown in Fig. 11 . Although the four compounds have the same π-conjugation structures, maximum wavelength difference was more than 100 nm. Order of the maxima from shorter wavelength is 1a＜1b＜1c＜1e. From these results, the longest maximum wavelength was observed for the isolated chromophore of 1e. The dimeric chromophores of 1c with face-to-face antiparallel interaction of π-conjugation systems showed the second longest maximum wavelength. Antiparallel interaction seemed to reduce the magnitude of dipole moment resulting in the hypsochromic shift of the maximum. In H-type aggregates, chromophores usually showed a large hypsochromic shift of the absorption band, and the chromophores of 1b showed the third longest maximum wavelength. On the other hand, the unexpected spectrum was obtained for 1a. Arrangement of 1a chromophores was the inclined parallel stack, which was similar to chromophore arrangement in J-type aggregate showing a bathochromic shift of the absorption band. However, the absorption band at the shortest wavelength among four derivatives was found for 1a. As shown in Fig. 2 , there is a dimeric strong interaction via a pair of hydrogen bonds for 1a, and side-by-side antiparallel interaction of π-conjugation systems seemed to be effective to shift the absorption band to the shorter wavelength. Thus, contribution of the interaction along a-axis similar to J-type aggregate was considered to be diminished.
4．Conclusion
Four CDCOP derivatives 1a, 1b, 1c and 1e were synthesized and their single crystals for X-ray crystallographic analyses were successfully grown by the slow evaporation method. From the point of view of the molecular structures, similar EO properties are expected for these compounds with the same π-conjugation system, and the alkyl group of 1b and 1c and the ethyleneoxide chain of 1e on the nitrogen atom in the CDCOP ring were originally introduced to increase miscibility in matrix polymers compared with 1a. The acryloyl group of 1e is introduced to form a covalent bond to matrix polymers. However, in the crystals, these substituents together with butyl groups attached to the donor moiety work different ways, i.e., promoting aggregation or separating chromophores. Chromophore alignment was quite different in the crystals among four compounds, and their absorption of the crystals were discussed in relation to the chromophore alignment. In a series of compounds, absorption at the longest wavelength was observed for 1e, whose π-conjugated systems were separated by the substituents resulting in almost no interaction among the adjacent π-conjugated systems. When there was antiparallel interaction between the π-conjugated systems whether face-to-face or side-by-side, absorption generally shift to shorter wavelengths. These results will be useful to estimate chromophore conditions in polymers from the absorption spectra.
